P lasmablastic lymphoma is a rare and aggressive diffuse large B-cell lymphoma commonly associated with Epstein-Barr virus co-infection that most often occurs in the context of human immunodeficiency virus infection. Therefore, its immune escape strategy may involve the upregulation of immune-checkpoint proteins allowing the tumor immune evasion. However, the expression of these molecules was poorly studied in this lymphoma. We have investigated 82 plasmablastic lymphoma cases of whom half were Epstein-Barr virus positive. Although they harbored similar pathological features, Epstein-Barr virus positive plasmablastic lymphomas showed a significant increase in MYC gene rearrangement and had a better 2-year event-free survival than Epstein-Barr virus negative cases (P=0.049). Immunostains for programmed cell death-1, programmed cell death-ligand 1, indole 2,3-dioxygenase and dendritic cell specific C-type lectin showed a high or moderate expression by the microenvironment cells in 60%-72% of cases, whereas CD163 was expressed in almost all cases. Tumor cells also expressed programmed cell death-1 and its ligand in 22.5% and 5% of cases, respectively. Both Epstein-Barr virus positive and negative plasmablastic lymphomas exhibited a high immune-checkpoint score showing that it involves several pathways of immune escape. However, Epstein-Barr virus positive lymphomas exhibited a higher expression of programmed cell death-1 and its ligand in both malignant cells and microenvironment as compared to Epstein-Barr virus negative cases. In conclusion, plasmablastic lymphoma expresses immune-checkpoint proteins through both malignant cells and the tumor microenvironment. The expression of programmed cell death-1 and its ligand constitutes a strong rationale for testing monoclonal antibodies in this often chemoresistant disease.
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Introduction
Plasmablastic lymphoma (PL) is a distinct entity of diffuse large B-cell lymphoma first described in 1997. 1 It commonly occurs in the context of human immunodeficiency virus (HIV) infection or in association with other contexts of immunodeficiency such as autoimmune diseases, organ transplantation and in the elderly;
2-5 few studies have identified PL in patients without immunodeficiency. 6, 7 Neoplastic cells resemble immunoblasts or plasmablasts with a B-cell terminal differentiation phenotype and they mostly have a non-germinal center (GC)-B subtype profile. [2] [3] [4] [5] [6] [7] [8] These cells constitutively express the plasma cell antigen CD138 (syndecan-1) and often harbor immunoglobulin (Ig) chain restriction with no or weak expression of B-cell mature markers such as CD20, CD79a and PAX5.
2,9 PL cells frequently express Epstein Barr virus (EBV) genome with type I latency, especially in HIV patients. On the other hand, EBV negative (EBV -) PL still remains poorly characterized, due in part to its rarity as this limits the assessment of distinctive clinicopathological features. In a recent study, Loghavi et al. 6 analyzed 61 cases with treatment information available in 42. Among them, 17 were EBV -and had a worse event-free survival as compared to EBV + PL patients. 6 Despite recent advances in lymphoma therapeutic strategies, EBV + PL, and to an even greater extent EBV -PL, still represent an aggressive lymphoma with adverse prognosis; therefore, novel therapy strategies are urgently needed.
Cancer cells, including lymphoma cells, are able to escape surveillance from the immune system by co-opting physiological mechanisms such as the programmed cell death-1 (PD-1) receptor pathway. By expressing PD-L1 on the tumor cell surface and engaging PD-1-positive infiltrating lymphocytes, tumors utilizing the PD-1 pathway can, therefore, evade an immune response by providing critical inhibitory signals that down-regulate T-cell function in the context of antigen recognition. [10] [11] [12] [13] Besides the PD-1/PD-L1 axis, the recruitment of M2 monocytes characterized by the expression of CD163 antigen has been involved in the tumor immune escape mechanism, especially through the production of immunosuppressive molecules such as the dendritic cell (DC)-specific C-type lectin DC-SIGN and/or the indole 2,3-dioxygenase (IDO). 10, [14] [15] [16] [17] [18] [19] Accordingly, a blockade of these immune checkpoints alone or in combination with chemotherapy could be envisaged as an attractive therapeutic strategy. [20] [21] [22] [23] [24] To the best of our knowledge, immune checkpoint profile molecule distribution has not previously been evaluated in PL. Given that EBV infection of malignant lymphocytes could be associated with PD-L1 overexpression, 21, 22, 25, 26 we hypothesized that PL cells could express PD-1/PD-L1 proteins and could constitute a prime target for PD-1 blockade. We, therefore, investigated the PD-1/PD-L1 axis and immune checkpoint profiles in PL and correlated these features with clinical presentation, histological findings and EBV status.
Methods

Patients
We reviewed 82 cases of PL diagnosed between 2008 and 2014, collected from 42,145 samples registered in Lymphopath, a government-supported network of expert hematopathologists which conducts a systematic review of all newly diagnosed or suspected lymphomas in France. 27, 28 The diagnosis of PL was based on histological criteria and the expression of plasma cell differentiation markers as described by the WHO classification. 2 Patients with a prior diagnosis of plasma cell myeloma or with multiple bone lesions or other laboratory criteria supporting the diagnosis of myeloma were excluded from the study. The following data were collected: age, sex, disease location at presentation, an associated context of immunodeficiency (HIV infection, transplantation, autoimmune disease, immunosuppressive drugs), EBV serology, Ann Arbor staging, treatment and outcome, current status and date of last follow up.
Histological and immunohistochemical analysis
All cases were centrally reviewed. Institutional ethical approval was obtained in compliance with the Declaration of Helsinki. Paraffin tissue sections were processed for routine histopathological examination. For immunohistochemical examination, 3 µm-thick sections were tested using a Ventana Benchmark XT (Ventana, Tucson, AZ, USA). 12, 28 The antibodies used are detailed in Online Supplementary Table S1 . Each case was scored as positive or negative for CD10, BCL6, MUM1, MYC protein, GCET1 and FOXP1 according to the cut-off points previously defined. + immune cells (ranged from 0= <10% to 2= ≥30%) combined to the value corresponding to the staining intensity (ranged from 0= negative or low staining at + to 2= intense staining at +++ ); these were calculated by two pathologists (CL and BF), as recently published 32 (Online Supplementary Table S2 ).The percentage threshold for positive PD-L1 staining in malignant cells used here is comparable to that already published. 25, 33, 34 In situ hybridization for Epstein-Barr virus and FISH study for MYC, BCL2 and BCL6 rearrangement Epstein-Barr virus detection was performed by in situ hybridization using EBV-encoded RNA (EBER) probes (Ventana Medical Systems). Fluorescence in situ hybridization (FISH) studies were performed using break-apart FISH DNA probes for cMYC/8q24, BCL2/18q21, and BCL6/3q27 (probes Y5410, Y5407 and Y5408; Dako) and were analyzed using Pannoramic 250 Flash digital microscopes (3DHISTECH, Hungary).
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Statistical analysis
Comparison of clinicopathological, immunological, and genetic features between EBV -and EBV + patients was carried out using χ 2 test (or Fisher exact test when required). Event-free survival was determined from time of diagnosis until time of death, progression or last follow up. Survival curves were constructed by the Kaplan-Meier method. Survival distributions were compared with the log rank test. For co-variates with less than 20% of missing values and with a P-value<0.05 in the log rank test, Cox proportional hazards model was performed. Using a backward stepwise removal method, only significant covariates were kept in the final Cox model. Statistical significance was set at P=0.05. Analyses were performed using GraphPrism and STATA v.13 software.
Results
Clinical features of EBV + and EBV -plasmablastic lymphoma patients
Clinical features of EBV + and EBV -plasmablastic lymphoma patients are shown in Table 1 . Mean age at diagno-PD1/PD-L1 expression in plasmablastic lymphoma haematologica | 2016; 101 (8) sis was 62 years (range 22-88 years) with a male:female (M:F) ratio of 62:20. Diagnosis was made on the basis of a biopsy of a lymph node (n=17) or from an extranodal site (n=65): oral cavity (n=26), digestive tract (n=16), bone (n=5), soft tissue (n=7), respiratory tract (n=3), a kidney graft (n=2), testis (n=2), pleura (n=1), breast (n=1), orbital cavity (n=1), ureter (n=1). Half of the patients had underlying immunosuppression: HIV infection (41% of cases), and immunosuppressive (IS) treatment for kidney transplantation (3% of cases) or for autoimmune disease (5% of cases). Forty-three percent of patients (n=25) had no recorded history of immune suppression. We excluded from these categories patients for whom HIV status was not available (n=13) and patients who were HIV-negative and for whom a possible context of IS treatment could not be assessed (n=10). Half of the patients had localized disease, i.e. Ann Arbor stage I (29%) or II (21%); the remaining patients had disseminated disease, i.e. stage III (7%) or IV (43%). Extra-nodal disease was particularly common; the oral cavity was the most frequently observed site (Table 2 ). Tumor cells strongly expressed MUM1 (96%) and 28% of cases expressed FOXP1; they were negative for GCET1 and showed weak positivity for BCL6 (20%), while only 10% of cases expressed CD10. In addition, one-third of cases were positive for CD30 (36%) and BCL2 (32%). All cases were negative for ALK and HHV8 ruling out the diagnosis of ALK + large B-cell lymphoma and diffuse large B-cell lymphoma arising in multicentric Castleman disease. 37 Only 10% of cases stained weakly for CD56. Cyclin D1 was negative in all 42 cases tested.
Most cases (73%) were positive with anti-MYC protein antibody. FISH with the MYC break-apart probe was positive in 28% of cases tested (10 of 
Immune checkpoint expression in EBV-positive and EBV-negative plasmablastic lymphoma patients
Plasmablastic lymphoma biopsies showed a distinct pattern of expression for PD-1, PD-L1, CD163, IDO and DC-SIGN. Indeed, their microenvironment comprised a variable proportion of PD-1, PD-L1, CD163, IDO and DC-SIGN immune cells ( Figure 1A-F) . Among the immune cells, PD-1 and PD-L1 were primarily expressed by lymphoid cells and macrophages, respectively. However, some PL cases contained tumor cells, which expressed PD-L1 and/or PD-1 ( Figure 1G and H) . Immune checkpoint (ICP) score of PD-1, PD-L1, CD163 IDO and DC-SIGN was visually inspected on both tumor cells and immune cells from 42 available PLs and were quantified in terms of percentage of stained cells and intensity of staining, as described in the Methods section (Online Supplementary Table S2 ). As shown in Table 3 , PD-L1 staining in immune cells ranged from low PD-L1 score with negative or weak/focal expression of PD-L1 (40%; n=15 of 40) to moderate or high PD-L1 score (60%; n=25 of 40). PD-1 staining ranged from low PD-1 score with negative or weak/focal expression (40%; n=13 of 32) to moderate or high PD-1 score (60%; n=19 of 32). Most of the PL cases were associated with a moderate or PD1/PD-L1 expression in plasmablastic lymphoma haematologica | 2016; 101 (8) 979 Interestingly, PD-1 was also expressed by tumor cells in 5% of PL cases (n=2 of 40), which exhibited a high PD-1 score, whereas PD-L1 was positive in tumor cells in 22.5% of PL cases (n=9 of 40) showing a high PD-L1 score in 77% of cases (n=7 of 9). In one case, both PD-1 and PD-L1 were expressed in tumor cells (Patient #54).
We next compared the distribution and the expression of PD-1, PD-L1, IDO, DC-SIGN and CD163 between EBV + PL and EBV -PL samples (Figure 2 ). Mean rates of PD-L1 and PD-1 expression in each group were significantly higher in the microenvironment of EBV + PL than in EBV -PL (P=0.02 and P=0.03, respectively) (Figure 2A  and B) . The percentage of PD-L1 + immune cells per sample was nearly 2-fold higher in EBV + PL than in EBV -PL. In contrast, EBV + PL and EBV -PL samples showed a similar rates of CD163 + cell staining ( Figure 2C ) and were similar for IDO and DC-SIGN expression in the PL microenvironment ( Figure 2D and E) . Interestingly, strong expression of PD-L1 in tumor cells was observed in the majority of EBV + PL cases (n=7 of 9) (P=0.01). Moreover, the majority of PL cases with high PD-L1 score in tumor cells were EBV + PL, whereas tumor cells in 2 EBV -PL cases showed only low (n=1) or moderate (n=1) PD-L1 score. Furthermore, the single case co-expressing PD-1 and PD-L1 was an EBV + PL (Patient #54).
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Prognostic impact of EBV status in plasmablastic lymphoma patients
Clinical outcome was available in 47 patients. After a median follow up of 10.5 months (range 1 week-80 months), 51% of patients died, 6% were alive with stable or progressive disease, and 43% were alive and in complete remission. In the whole cohort, 2-year event-free survival was 40.8% (95%CI: 24%-57%) ( Figure 3A) . The 2-year event-free survival was significantly shorter for EBV -PL patients than for EBV + PL patients (22% vs. 58%, respectively; P=0.049) ( Figure 3B ). Multivariate analysis confirmed EBV status as an independent prognostic factor (Online Supplementary Table S3 ). In contrast, MYC rearrangement status and PD-1/PD-L1 overexpression (with cut off: ICP score ≥3) were not associated with survival (Online Supplementary Table S3 ).
Discussion
We report here the largest known clinico-pathological analysis of PL cases arising in HIV + and HIV -patients. In accordance with previous reports, most PL occurring in the context of immune deficiency (mainly an HIV infec-PD1/PD-L1 expression in plasmablastic lymphoma haematologica | 2016; 101 (8) 981 6, 41, 42 Notably, all cases harboring MYC rearrangement had strong expression of MYC protein, which was also observed in 66% of PL cases without MYC rearrangement. MYC rearrangement has been reported to be the commonest chromosomic alteration in PL and was initially proposed as an aggressive factor in PL behavior. 9 However, consistent with other reports, 38, 42 we found that MYC rearrangement did not impact survival. In addition, all but one PL case did not have BCL6 rearrangement at the major breakpoint region; BCL2 rearrangement was also negative in all cases. 9, 41 Our study suggests that PL develops several patterns of immune escape by expressing a number of immune checkpoint markers. Indeed, we found that nearly all PL express PD-L1 and PD-1 in the immune infiltrate, and that one-quarter of them strongly express PD-L1 in tumor cells and in immune cells. We also show that the PD-1/PD-L1 axis is more over-expressed in the microenvironment in EBV + PL, which is typically associated with situations of immunodeficiency. These findings suggest that an antiviral response against EBV may favor the recruitment of immune cells PD-L1. In this regard, it has been shown that cytokines, such as interferon γ, can also potentially up-regulate PD-L1 on macrophages via the ISRE/IRF1 motif in the PD-L1 (CD274) promoter, and thus favor PD-L1 expression in immune cell infiltrates during inflammatory responses. 10, 43, 44 Interestingly, all but 2 cases expressing PD-L1 in tumor cells were associated with EBV infection, which could be consistent with the view that PD-L1 expression is promoted by LMP1 of EBV which increases PD-L1 promoter expression. 25, 43 However, the majority of EBV + PL tumor cells expressing PD-L1 had an EBV latency type 1 and did not express LMP1 (n=7 of 9) (data not shown), suggesting that PD-L1 can be up-regulated by other mechanisms. In this regard, it has been shown that PD-L1 expression can be driven by intrinsic genetic aberrations of 9p24.1 (a genomic region including CD274, PDCD1LG2 and JAK2) and by the dysregulation of JAK/STAT pathway. 43, 45, 46 As suggested for EBV + CD20 + diffuse large B-cell lymphoma (DLBCL), 25, 47 further genetic analyses of PD-L1 (CD274) locus are needed to identify the intrinsic mechanism of PD-L1 upregulation by malignant cells in PL.
In this study we found that PL patients (either associated or not with EBV) showed a high content of CD163 + macrophages, which are known to be associated with immunoregulatory function by promoting Th2 immune responses to the detriment of Th1 anti-tumor immune responses. Furthermore, PLs express IDO and DC-SIGN molecules in a very similar manner in the histiocytic/dendritic cell microenvironment. These immune evasion proteins have been known to be involved in negative immunoregulatory response. For instance, IDO attenuates T-cell clonal expansion, and induces anergy and apoptosis on effector T cells. Nevertheless, reported data differ as to the prognostic impact of PD-1/PD-L1 and IDO expression in lymphoma. 16, 17, 48, 49 In spite of this, in our cohort, we did not find any correlation between immune checkpoint expression and PL patients' survival, and further biological studies on larger cohorts are needed to really evaluate the impact of the immune escape checkpoint on PL prognosis. Altogether, given their association with oncogenic viruses and immunodeficiency, PL should provide attractive targets for immune-based therapy.
Finally, this study confirms the prognostic value of EBV status in PL. 6 Indeed, EBV + PL had a better event-free survival, which nevertheless contrasts with the aggressive clinical course of EBV + DLBCL patients. 50 In conclusion, PL expresses immune checkpoint proteins as PD-1/PD-L1 in both the microenvironment and in the malignant cells, particularly in EBV + PL. Anti-PD-1 monoclonal antibodies recently received FDA approval for advanced melanoma or non-small cell lung carcinoma and haematologica | 2016; 101(8) 
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promising data on therapeutic response were also seen in Hodgkin lymphoma. [20] [21] [22] [23] [24] Therefore, our findings constitute a strong rationale for testing anti-PD-1 monoclonal antibodies in the treatment of PL, a severe and often chemoresistant form of lymphoid malignancy.
